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Sandwich structures offer attractive structural advantages in terms of higher 
specific flexural strength and stiffness in comparison to single skin or monolithic 
structures. The present work aims at developing an understanding of the issues related to 
the numerical modeling of a truss-core laser welded sandwich panel subject to blast load 
and, explores the response of both sandwich and monolithic structures over a range of 
both dynamic and static loading. 
The first part of this thesis embodies a brief reference to contemporary work on 
finite element modeling of sandwich structures while trying to assess the broad issues 
associated with the different modeling approaches and their limitations. Some prior 
analytical studies on impact loading of plate structures are also discussed. The focus of 
this effort is to develop an approach for simulating blast loading using the zero period 
impulsive loading approach. 
The second part of the study is a baseline analysis of different flat plate structures, 
undertaken as a prelude to the sandwich plate analysis. While the focus here is to develop 
methodologies for analyzing plate response to dynamic loading, static loading cases are 
also taken up in the interest of comparison with benchmark analytical solutions. Use has 
been made of the commercial finite element package ABAQUS Explicit for the dynamic 
simulations and ABAQUS Standard for the static cases. 
The final part of the study pertains to a laser welded truss-core sandwich 
structure. The response of the structure under linear elastic and non-linear elasto-plastic 
regimes is studied and comparisons made with monolithic structures on an equivalent 
stiffness and equivalent areal density basis. Preliminary studies are suggestive of superior 
performance of the sandwich structure relative to a monolithic structure. 
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1. INTRODUCTION 
The efficiency with respect to specific strength and stiffness of sandwich plates 
over monolithic solid plates in the context of elastic response has been well established. 
The high energy absorbing potential of the core indicates that sandwich panels can be 
designed to also have high intrinsic resistance to blast loads. A sandwich structure is 
comprised of a core and face plates, which in the case of a steel sandwich structure are 
typically of the same material. The face plates can be attached to the core by various 
methods including spot welding, adhesion, mechanical fastening and laser welding. The 
core of a sandwich panel consists of repetitive units of a selected geometry. Some of the 
core types categorized are truss, honeycomb (square or hexagonal), corrugated or folded 
plate and woven wire. The 3-dimensional pyramidal truss structure has been extensively 
used for decking of transport ships while the folded plate structure has found applications 
in the Navy. 
There is much potential in a sandwich structure to modify core geometry to 
improve blast resistance. Blast loading, induced on a structure, occurs at a relatively high 
rate. An explosion related blast for instance involves a chemical reaction, called 
detonation, that proceeds at supersonic velocities through the explosive material. This 
produces high pressure gases which initiate pressure waves of amplitudes on the order of 
2,700,000 to 4,900,000 psi, though the spherical divergence of these waves implies 
attenuation with increasing distance from the source. (TM 5-1300 [1990]). 
Precise blast analysis is daunting as the determination of pressure time history 
during impact is generally extremely difficult. However, high speed motion pictures can 
be used to determine the duration of the impact and the velocities of the impacted body, 
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which can result in estimates of the average forces imparted during impact (Bedford and 
Fowler[1995]). 
Sandwich structures offer significant advantages in terms of higher flexural 
rigidity and flexural strength, for a given weight, in comparison to single skin structures 
(Zenkert [1995]). Under a blast load, the core typically absorbs more than a half of the 
total kinetic energy of the blast (Hutchinson and Xue, [2005]). The kinetic energy 
transfer in water is lower than that in air due to greater fluid-structure interaction in 
water. As a result, the use of sandwich structures subject to blast in water is particularly 
advantageous which explains its widespread use in naval applications. 
1.1. Objectives 
The present study investigates air blast loading on laser welded sandwich panels through 
the finite element method. As a prelude to the study on sandwich panels, blast loading on 
monolithic plates is investigated. The objective is to develop techniques for performing 
blast load analysis and to compare the response of the sandwich plate to that of 
monolithic plates. Use is made of the commercial software ABAQUS for simulation 
studies using its explicit non-linear dynamic solver. The study consists, broadly, of the 
following: 
a) A baseline study of monolithic circular and rectangular plates. 
b) Comparison of the baseline study to analytical models. 
c) Analysis of a truss-core sandwich plate. 
d) Comparison of sandwich plate response to that of monolithic plate. 
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1.2. Scope of Work 
The remainder of Section 1 describes an analysis of blast load on structures found in the 
literature. It discusses prior work on blast loading of sandwich plates and provides an 
overview of finite element modeling of sandwich plate structures. 
The baseline analysis is presented in Section 2 and incorporates studies on circular plates 
of radius lm and rectangular plates 6 m long and 2.1m wide. The focus of the analysis is 
as follows: 
1) The response of flat plates under static pressure. 
2) The response of the plate under dynamic pressure, the idea being to simulate 
the impact associated with a blast load. The analysis under dynamic loading encompasses 
the material response under both elastic and elasto-plastic regimes. 
The final part of the study, presented in Section 3, involves the analyses of truss core 
sandwich panels taking energy dissipation due to damping into account. The loading 
conditions of the baseline analysis are replicated for the sandwich panels and the analysis 
similarly incorporates response under both the elastic and elasto-plastic regimes. 
1.3. Analysis of Plate Structures Subject to Blast Load 
An explosion, which can be caused by numerous sources or events, creates a pressure 
wave called a blast. Blast pressure has both temporal and spatial variation depending on 
factors including the location of the explosion as well as the structural response of the 
plate being impacted. In its simplest form, an impact produced pressure wave can be 
treated as a rectangular profile if the effect of the plate response on the pressure wave 
profile is neglected. The assumption of uniform pressure when the blast impacts a plate is 
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an idealization of the actual blast profile, but has been found to be reasonable in modeling 
the dynamics of a sandwich plate by several researchers including Wang and Hopkins 
[1954] and Xue and Hutchinson [2003] . 
A typical representation of a blast pulse is shown in Figure 1.1. It is characterized by a 
sharp rise to a peak amplitude of pressure, followed by a continuous monotonic decay. 
An idealized representation of a blast pulse is given in Figure 1.2, where the assumption 
of a uniform pressure over the impacted object for a period of time x has been made. 
Depending on the duration of the pulse relative to the response time of the impacted 
panel, the blast pressure pulse can be characterized into one of two categories: zero 
period pressure pulse and finite period pressure pulse. 
S-H 
B 
I - l 
OH 
Time 
Figure 1.1 Blast Pressure Pulse 
4 
A 
Po 
> 
Time 
Figure 1.2 Idealized Blast Pressure Pulse, Finite Period 
1.3.1. Zero Period Pressure Pulse 
When a blast pressure pulse impacts a plate, there is a characteristic time, T, required for 
the plate to achieve its maximum deflection. The characteristic time depends on the 
dynamic characteristics of the structure and the impulse duration, x . If the duration of the 
blast, T, is smaller than the characteristic time, T, the blast can be idealized by a zero 
period pressure pulse. In this case an initial velocity is imparted upon the pressurized 
surface of the plate. This results in substantial simplification in load-history input into a 
numerical model. 
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1.3.2. Finite Period Pressure Pulse 
If the blast pulse x is larger than T, the time required to attain the maximum deflection, 
the blast load is categorized as a finite period pressure pulse. The maximum deflection of 
the plate in this case would typically be lower than that in the case of a zero-period pulse 
for an equivalent pressure amplitude. The load history input is then done over a period x 
in a step-by-step manner as a piecewise function. 
The duration of a typical pulse due to a blast in water or air is on the order of 10"4 s or 0.1 
ms (Xue and Hutchinson [2003]). Since most air blasts of practical interest fall under the 
category of zero period impulse, this category has been the major focus of investigation. 
1.3.3. Calculation of the Impulse Related to a Blast 
The impulse, /, or the change in momentum, experienced by a rectangular or circular 
plate when a blast impacts it is given, in both polar and rectangular coordinates, by: 
I = \p{r,0,t)dAdt = \p{x,y,t)dAdt (1.1) 
where A is the area of the plate. 
Equation (1.1) indicates that the pressure, p, associated with a blast depends, in general, 
on time, t, as well as the location on the plate, given in polar coordinates by r and 9 and 
in rectangular coordinates by x and y . However, under the assumption of no interaction 
of the pressure wave with the plate, the pressure can be assumed uniformly distributed 
and the pressure profile (see Figure 1.2) approximated by a rectangle of height, p0, and 
width,!, where t is the duration of the pressure pulse and po the magnitude of the 
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pressure. The total impulse, /, for this ideal case is thus given by the area under the 
pressure time curve: 
I =
 PoAr (1.2) 
where A is the area of the plate. 
If x—>0 and x<T, the pulse is termed a zero period pulse. Such a pulse is idealized by 
subjecting the plate to an initial velocity V0 given by: 
Aph 
where p is the mass density of the plate and h represents its thickness. 
1.4. Analytical Studies 
There have been several analytical studies of rectangular-profile pressure pulses 
impacting plates, most notably by Wang and Hopkins [1954], Florence [1966] and 
Symonds and Wierzbicki [1979]. All of these studies make the assumption of a 
rectangular pressure pulse and a rigid, perfectly plastic body. The characteristic time, T, 
and the maximum deflection at the center of thin circular plates have been determined. 
The Tresca yield criterion has been assumed to govern plastic flow. Wang and Hopkins 
[1954] and Florence [1966] neglect in-plane stretching, which places a limitation on the 
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maximum deflection before membrane stretching effects come into play. Symonds and 
Wierzbicki [1979] base their analyses on in-plane stretching alone. 
The following relations estimating the characteristic time and maximum displacement 
have been reported: 
a)Wang and Hopkins [1954]: 
(1.4) 
(1.5) 
b) Symonds and Wierzbicki [1979] : 
(1.6) 
(1.7) 
where V0 is the initial velocity, and p, R and cry the density, radius and yield strength , 
respectively, of the plate. 
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1.5. FEM Analysis of Blast Loading on Sandwich Plates 
The finite element analyses presented by Xue and Hutchinson [2003] and Hutchinson and 
Xue [2005] were used to study blast loading on sandwich plates; the former analysis also 
included comparative studies on clamped monolithic circular plates. In their analyses 
several assumptions were made as follows: 
1. The effect of strain-hardening is negligible. 
2. The effect of strain rate is negligible. 
3. The body is elastic-perfectly plastic. 
4. The Von-Mises criterion is used for the yield surface. 
5. The material does not fracture. 
6. There is no dynamic strengthening of the core. 
A later study by Xue and Hutchinson [2006] includes strain rate dependence and the 
dynamic strengthening of core. Xue and Huthinson [2003] have made a comparative 
analysis of a clamped circular plate and sandwich plates with a tetragonal truss core 
under dynamic finite strain. The material was assumed to be elastic-perfectly plastic. 
Parametric studies involving changing thicknesses, relative densities and yield strengths 
have been carried out. Hutchinson and Xue [2005] analyzed square honeycomb cores for 
applications in water, which they have found to exhibit superior energy absorption and 
bending strength. 
When a blast impacts a sandwich plate, the front face is set in motion and acquires a 
velocity that corresponds to a total transfer of kinetic energy of the blast to the face plate. 
Typical values of this velocity range up to 200 m/s depending on the intensity of the 
impulse and the fluid medium. When blast loads are significant, the enormous energy 
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transferred needs to be dissipated by the core through crushing and other mechanisms. 
Crushing of the core occurs before the back face acquires the velocity of the front face 
and may account for dissipation of approximately 50% of the kinetic energy (Hutchinson 
and Xue[2005]). However, the extent of crushing must be within limits so that the 
structural integrity is not impaired. In other words, a high energy absorption in the core is 
of primary significance. 
Sandwich panels with square honeycomb cores have been reported (Xue and Hutchinson, 
[2006]) to have good in-plane stretching and out of plane shear properties as well. Apart 
from the crushing of the core, these additional mechanisms help in further dissipation of 
energy. However, the need to retain structural integrity implies that the transverse shear 
strength and the in-plane stretching strength of the core should be adequate. 
An important phenomenon that comes into play during a short duration blast is the 
dynamic strengthening of the core. The inertial resistance of the core to motion results in 
the propagation of plastic waves. By the time these plastic waves reach the back face, 
there is considerable strain of the core, and the web, in fact, undergoes an inertial 
stabilization whereby it circumvents buckling before the plastic waves reach the back 
face. This behavior can be advantageously used in core design. 
1.5.1. Modeling of Sandwich Plates 
Several analytical and numerical studies dealing with the modeling of sandwich 
structures have been reported in literature. Libove and Hubka [1951] determined the 
elastic constants for corrugated core sandwich plates using the small deflection plate 
theory. The analysis used the Mindlin-Reissner plate theory to incorporate the effect of 
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shear deformation while assuming that the elements did not buckle. A numerical 
approach to developing the elastic constants was undertaken by Cheng et al. [2006] for 
web core sandwich structures. A series of shell type finite element models were used and 
boundary conditions applied on a typical unit cell. A parametric study of continuous core 
panels by Cheng et al. [2005] highlighted the influence of core angle on transverse shear 
rigidity. Decreasing the core angle for a given panel thickness was found to result in 
increased core rigidity. However, the fact that this entailed an increase in material 
suggests the need for further optimization studies. 
The Mindlin - Reissner plate theory, which includes the effect of shear deformations, 
offers a good approximation for the static analysis of sandwich structures. The plate 
bending equilibrium can be stated thus: 
dM„ 5M, 
dx dy -a=o; 
dM„. dM, 
xy 
+ • dx dy -a=o; 
3Qx , dQ 
+• 
dx dy 
-q2=o (1.8) 
where Qx and Qy are the shear forces per unit length, Mx, My and Mxy are the bending 
moments per unit length and qz is the applied load per unit area. Further, the shear forces 
and bending moments can be expressed in terms of the transverse displacement, w, and 
the mid-plane slopes 6X and 6y using: 
dy ' dx 
M. 
D 
xy dO, d0v 
— - + — -
dy dx 
0 + dw 
dx Qy =
 DQy 
" dy, 
(1=9) 
(1.10) 
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where Dxx, Dyy, Dxy are the orthotropic flexural stiffnesses, DQX, Dqy are the orthotropic 
shear stiffnesses and v is the Poisson's ratio. 
The solutions for the displacements and slopes for a simply supported case can be 
expressed as double harmonic series with unknown coefficients wmn, Amn and Bmn 
(1.11) 
(1.12) 
For simplicity of solution, the assumed solution expressions are cast into a matrix form 
for each term mn and substituted in the equilibrium equations. The resulting system of 
equations is: 
(1.13) 
or, 
(1.14) 
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Using the expressions 
(1.15) 
The components of the L matrix work out as: 
(1.16) 
The load coefficient qmn, which depends on the load distribution, can be expressed for the 
case of uniform load as: 
(1.17) 
The displacements and slopes at different locations can be determined through the 
solution of the system of equations. By suitable substitutions of derivatives in equations 
(1.9) and (1.10), the computation of forces can be done as well. The process can be 
extended to other loading situations. 
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Modeling of the Core'. The core of a sandwich panel can be modeled using either of 
the following approaches: 
a) All of the structural elements of the core are meshed; this approach may yield 
the best results although it might entail large computational time. Symmetry 
considerations and the fact that units are repetitive can be used to advantage for 
simplifying analyses. 
b) The core is modeled using solid elements whose effective properties are 
equivalent to that of the actual core. Such an approach would ideally require models 
specific for each type of core geometry. 
Xue and Hutchinson [2006] have developed a continuum model for square 
honeycomb cores. In the absence of similar models for other core geometries, recourse is 
often taken to alternative models that come close to approximating the core geometry at 
hand. For example, a model developed for metal foams by Fleck and Deshpande [2000] 
has been used by Xue and Hutchinson [2003] for modeling a truss core. The property of 
primary interest, whose equivalence is sought, is the core crushing strength. Such an 
approach assumes a three stage process comprising: a) fluid-structure interaction in the 
first stage; b) core crushing in the second; and c) overall bending and stretching in the 
final stage. 
Modeling of the Face Plate : Some of the design considerations for the face sheets 
include the selection of the plate material and its thickness. For a steel sandwich panel, 
the material of the face plate is typically the same as that of the core. An important aspect 
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to be taken into consideration as far as the selection of the thickness is concerned is that 
in a sandwich plate immediately after the blast, the entire kinetic energy is transferred to 
the face plate facing the blast. Since the thickness of the face plate in a sandwich 
structure is typically considerably less than half that of a monolithic solid plate , the 
kinetic energy absorbed by the face plate facing the blast is more than twice that absorbed 
by the monolithic solid plate (Xue and Hutchinson [2003]). This follows from the fact 
that a zero period impulse is applied as a uniform initial velocity that corresponds to a 
momentum whose magnitude is equal to that of the impulse. For the sandwich plate, this 
is applied only on the face sheet facing the blast whereas for the solid plate it is applied 
on the entire body. 
Face Plate - Core Interface'. The faceplate - core interface is an important 
constituent of a sandwich structure and may bond together two dissimilar materials. 
Depending on the application, the interface for a steel sandwich panel may be bolts, rivets 
or welds. This effort focuses on the welded type interface. Modeling of the interface 
requires that the kinematic behavior of the components at the interface must be consistent 
with that of the structural connection details. 
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2. BASELINE ANALYSIS 
The intent of the baseline analysis is to establish procedures for the finite element 
modeling of dynamically loaded circular and rectangular plates subject to blast. The ideas 
emanating from this exercise are used to verify modeling procedures which would help 
make the subsequent analyses of sandwich panels more informed, as some of the 
concepts developed here would be called into play. 
2.1. Static Loading 
The objective of the static analysis was to compare results obtained through the linear 
finite element method (FEM) with those obtained through analytical techniques. This will 
l 
aid in assessment of proper element usage and choice of mesh density and element type. 
In particular the closed-form solution for deflection of clamped circular plates and the 
Navier's solution for the deflection of simply supported rectangular plates were used as 
benchmarks for verifying the FEM results. The loading in each verification problem was 
assumed to be a uniform pressure. 
2.1.1. Static Loading of a Circular Plate 
A circular plate clamped at the outer edge and subjected to a uniform static pressure, po, 
of magnitude 3 MPa was analyzed. The plate geometry is shown in Figure 2.1. 
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w=0 
dw/ dr =0 
Figure 2.1 Clamped Circular Plate of Radius 'a' (lm) 
The following isotropic material properties were assumed: E: 200 GPa, Poisson's ratio: 
0.3, Yield Stress: 580 MPa , density: 8000 kg/m3. The maximum deflection of the plate, 
using both analytical and numerical (Finite Element) methods, was evaluated. 
2.1.1.1. Analytical Solution, Statically Loaded Circular Plate 
This is a case of axisymmetric bending of the circular plate since both the applied load 
and the end restraints do not vary with 9. The general equation for deflection of plates, 
without shear deformation, which can be found in numerous sources, such as 
Timoshenko and Goodier [1970] and Ugural [1999], is: 
W D (2.1) 
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where 'D' is the flexural rigidity of the plate and 'w' its deflection. 
Equation (2.1) can be recast in polar coordinates for the axisymmetric case as: 
(2.2) 
The solution of equation (2.2) can be written in the following form: 
(2.3) 
where 
wh and w are the homogeneous and particular solutions, respectively, of equation (2.2). 
Using the following form for the homogeneous solution 
(2.4) 
and recognizing that c? and c4 must each equal to 0 in order to avoid a singularity at the 
center of the plate, 
(2.5) 
The particular solution, wp> found by successive integration of equation (2.2) is: 
" 64D 
(2.6) 
The general solution is, therefore, given by: 
w = cx +c2r~ + 
P£_ 
64D 
(2.7) 
The constants c\ and C2 are obtained by the application of the boundary conditions 
pertaining to the built-in edge of the circular plate: 
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(2.8) 
Using (2.8) in (2.7), 
(2.9) 
The deflection at the center ( r = 0 ) is therefore given by 
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(2.10) 
where the plate rigidity, D, for an isotropic plate is given by: 
(2.11) 
The following numerical values were used for this verification problem: 
Using equations (2.11) and (2.10), the deflection of the plate was found to be 
2.1.1.2. Finite Element Solution, Statically Loaded Clamped Circular 
Plate 
The numerical analysis was carried out using the software package ABAQUS/Standard. 
A quarter of the circular plate was considered; separate analyses using brick as well as 
shell elements were made. For the analysis that used brick elements, the element type 
used was C3D8R - an eight-node linear brick element with reduced integration and 
hourglass control. This element is feasible for blast analysis of monolithic plates, but not 
for sandwich structures where it is desired to model the core details. Using a mesh size 
of 0.071 m, the following three through-thickness nodal displacements were obtained at 
the centerline: 0.325844 m, 0.325958 m and 0.325844 m. These results are within 1.9% 
of the theoretical value. 
The analysis using shell elements employed the linear S4R element (a four-node, doubly 
curved, reduced integration, hourglass control element with finite membrane strains) 
from the ABAQUS Standard library. This element type is the most practical for use in the 
blast analysis. The global mesh size of the part was taken as 0.14 m. The center 
deflection of the plate for the chosen mesh size was found to be 0.31793 m, against the 
theoretical value of 0.319922 m. Mesh refinement was carried out using two of the 
features available in ABAQUS. Refinement through an increase in the number of 
elements per edge of the quarter plate to 100 resulted in a value of 0.320503 m for the 
maximum deflection. Using the option of mesh refinement through specification of mesh 
size as 0.01 m, the maximum deflection was found to be 0.320489 m. Thus, either of the 
mesh sizes gave results within approximately 0.18% of the predicted theoretical value. 
The convergence plot for maximum deflection has been shown in Figure 2.2. 
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Figure 2.2 Convergence Plot for S4R Element; Clamped Circular Plate 
2.1.2. Static Loading on a Rectangular Plate 
A simply supported rectangular plate of dimensions 6 m x 2.12 m x 0.05 m (Figure 2.3), 
subjected to a uniform load of 5500 N/m2 was considered for the comparative analysis. 
The planar plate dimensions were chosen to be the same as those used in the analysis by 
Tan et al. [1989] of a truss - core sandwich panel, which is the subject of Section 3. The 
material properties used for the linear elastic analysis are: E = 209 GPa, v = 0.3. The 
flexural rigidity, D, of the plate (equation 2.11) is 2.3924 x 106 Nm for a 50mm thick 
plate. 
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Case Studied 
a = 2.12 m 
b = 6 m 
t = 0.05 m 
D =2.3924 x l0 6 Nm 
p0=5500N/m2 
Figure 2.3 Simply Supported Rectangular Plate 
2.1.2.1 Theoretical Evaluation of Deflection of Uniformly Loaded 
Rectangular Plate 
The maximum displacement of a uniformly loaded rectangular plate occurs at the center 
of the plate. For a simply supported rectangular plate without shear deformations that is 
uniformly loaded, this can be readily obtained using Navier's solution given by: 
TV D
 m „ 
sin 
V a ) 
!
nTzy^ 
mn 
I
 m \ f m\ 
+ \a) 
n 
\bj 
(m,n = 1,3,.-) (2.12) 
where a and b are the plate dimensions, D is the plate bending rigidity and po is the 
loading. Considering the first ten terms, and substituting the numerical values in (2.12) 
to evaluate the summation, the maximum displacement works out to 0.000558781m. 
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2.1.2.2. Finite Element Analysis 
The static loading of the rectangular plate (6 m x 2.12 m x 0.05 m) was modeled using 
shell elements. The element type used in ABAQUS was S4R, which is a 4 node doubly 
curved, hourglass control, finite membrane strain employing reduced integration. This 
element is available in ABAQUS Explicit for blast analysis. The simply supported 
boundary conditions on the rectangular plate (Figure 2.3) require the following: 
x = a, w-i) — T = V 
dx2 
x = 0, w = 0 ^ = 0 
dx2 
d2w <2-13) 
y = 0, W=0 ~ ^ = 0 
By2 
y = b, W=0 ^ = 0 
dy2 
The implementation of the simply supported boundary conditions on a quarter of a 
rectangular plate in ABAQUS is shown in Figure 2.4 Here Ul, U2 and U3 are the 
translations along the 1,2 and 3 axes and URl, UR2 and UR3 are the rotations about 
these axes, respectively. 
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U3=0: UR2=0 
U1=0; UR2=0 
-A 
-> 
b/2 
U3=0; UR1=0 
U2=0; UR1=0 
Figure 2.4 Quarter of the Rectangular Plate 
For the chosen plate dimensions (6 m x 2.12 m x 0.05 m), and the level of static load of 
5500 N/m2 , the maximum deflection ( using E = 209 x 109 Pa, Poisson's ratio= 0.3) was 
found to be 0.000549588 m for a global mesh size of 0.03 m. Refinement of the mesh to 
size 0.01m yielded a deflection of 0.000559669m, which is within 0.16% of the value 
obtained by a ten-term Navier's solution. The convergence plots for deflection using the 
S4R and the S8R elements are shown in Figure 2.5 and 2.6, respectively. Convergence 
was achieved with a mesh of 1260 elements and 330 elements for the S4R and S8R 
element types, respectively. 
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Figure 2.5 Convergence Plot for S4R Element; Simply Supported 
Rectangular Plate 
Figure 2.6 Convergence Plot for S8R Element; Simply Supported 
Rectangular Plate 
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2.2. Baseline Blast Loading Analysis 
The second part of the baseline analyses involved studies on zero-period impulsive 
loading of circular and rectangular plates. While the dynamic analysis of circular plates 
was limited to the built-in edge condition, that involving rectangular plates included both 
the clamped and simply supported conditions. Under conditions of impulsive pressure 
resulting from a shock wave on a circular plate, a uniform transverse velocity is imparted 
to all of the plate, but the edges, regardless of whether the plate is simply supported or 
built-in at the edges (Wang and Hopkins, [1954]). This concept was utilized for circular 
plates and extended to rectangular plates in the present analysis. 
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For carrying out the dynamic analyses, use was made of the ABAQUS Explicit solver 
which is particularly suited for short duration transient dynamic problems. As compared 
to the Implicit solver, where the increment size is limited not by stability, but rather by 
accuracy and convergence considerations, the Explicit solver requires a smaller time 
increment size to ensure stability. However, unlike in the Implicit Solver, a global set of 
equations does not need to be solved here at each increment. This makes the Explicit 
solver more economical on a per increment basis of computational cost. In fact, for an 
analysis such as the one involving blast loading even the overall computational costs are 
significantly less than that in an Implicit solver, notwithstanding the larger number of 
time increments that must be used. 
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ABAQUS uses the central difference scheme for its explicit dynamic algorithm. In the 
first step, the nodal accelerations are evaluated at the beginning of the time increment 
using the dynamic equilibrium equation: 
Mii = P - I (2.14) 
where M is the nodal mass matrix, P the external applied force, I the internal forces in 
the elements and u the nodal displacements. The accelerations are assumed to remain 
constant over the time increment and the velocities at the middle of the current time 
increment are evaluated using the central difference approximation: 
(M
 4A+Af|,J 
• I > \(t+At) 1(0 / ..I ,~
 1 - , 
ul A/ = u , \,+ •— — ul (2.15) 
The displacements are evaluated using the following: 
o ,
 A, = ul + Atl A, A/ (2.16) 
\(t+At) 1(0 \(t+At) \(t+—) v ' 
2.2.1. Material Models 
Material models tested in this study include the following: 
1) Elastic 
2) Elastic-perfectly plastic 
The elastic-perfectly plastic behavior can be used as an idealization for most structural 
steels as they have sharply defined yield points and exhibit considerable plastic strain on 
yielding. For the elastic - plastic behavior, the isotropic hardening model available in 
ABAQUS was used in a manner that excluded strain-hardening effect. The specification 
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of a single value of yield stress (580 MPa), corresponding to zero plastic strain, implied 
that the effect of strain hardening was neglected and the value of yield stress assumed 
constant at 580 MPa throughout the plastic domain. The isotropic hardening model in 
ABAQUS uses the Von Mises criterion for generating the yield surface, which changes 
uniformly in all the directions if strain hardening effects are brought into play by 
incorporating yield stress values that increase with plastic strain. 
2.3. Blast Loading on the Baseline Circular Plate, no Damping 
A solid circular plate (E=200 GPa; v = 0.3) of radius, R, (0.1m) assumed to be clamped 
at the edge, was considered. The thickness of the plate, h, was varied from 0.02 m to 0.08 
m. The plate was subjected to a zero period pulse; an initial velocity, Vo, was therefore 
assumed to be imparted to the plate. The associated impulse that the plate was subjected 
to is given by the expression: 
I = p7tR2hVQ (2.17) 
Using the analytical solutions given in Equations 1.4-1.5 by Wang and Hopkins [1954], 
and Equations 1.6-1.7 by Symonds and Wierzbicki [1979], values of the maximum 
deflection and the characteristic time of clamped circular plates of radius 1 m were 
evaluated for three different plate thicknesses which have been given in Table 2.1. As 
evident from this table, and also from equations 1.6 and 1.7, the formulation by Symonds 
and Wierzbicki [1979] does not take into account the dependence of maximum deflection 
and the characteristic time on the thickness of the plate. 
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Table 2.1 Analytical Results for Blast Loading of Clamped Circular Plates 
(Radius 1 m) of Different Thicknesses 
Plate Thickness 
(m) 
Wang and Hopkins Symonds and Wierzbicki 
Smax ( m ) T(s) Smax ( m ) T(s) 
0.02 0.188578 0.00775862 0.0963 0.002425181 
0.04 0.0942888 0.00387931 0.0963 0.002425181 
0.08 0.0471444 0.00193966 0.0963 0.002425181 
2.3.1. Finite Element Analysis: Solid Element 
In performing the finite element analysis using solid shell elements, a quarter of the 
circular plate was analyzed in order to exploit symmetry conditions. The boundary 
conditions used are shown in Figure 2.7. The element used was the three-dimensional 
brick element C3D8R, an eight-node linear brick element with reduced integration and 
hourglass control. 
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-> 
Ul=UR2=U3-0 
U1=U2=U3=0 
U£,1=UR2=UR3=0 
U2=UR1=UR3=0 
Figure 2.7 Boundary Conditions for the Built-in 
Circular Plate 
Table 2.2 gives the results of a parametric study in which the plate thickness was varied 
from 0.02m to 0.08m. The impact of increasing the thickness of the plate, while 
maintaining the same level of the initial velocity (Vo = 31.25 m/s) imparted to the plate 
during the zero period impulsive loading, on the characteristic time and maximum 
deflection are shown in Figures 2.8 and 2.9, respectively. The tabulated values (Table 
2.2) also indicate the effect of changing the number of brick elements through the 
thickness of the plate on these parameters. 
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Table 2.2 Circular Clamped Steel Plate of Radius 1 m: Variations in Thickness 
and Mesh (V0=31.25 m/s) 
Plate 
Thickness(m) 
Number of Planar 
elements 
Number of 
elements 
through 
thickness 
Maximum 
Displacement(m) T(s) 
0.02 9459 2 0.113766 0.0031501 
0.02 8269 4 0.110405 0.00280029 
0.04 9459 4 0.0937998 0.00245025 
0.04 5771 3 0.0954013 0.00245007 
0.04 33076 8 0.0936984 0.00245019 
0.08 3675 3 0.0651068 0.00175063 
0.08 5369 4 0.066607 0.00175015 
0.08 21326 7 0.0658548 0.00175008 
0.08 9459 6 0.0659586 0.00175001 
2.3.2. Finite Element Shell Model 
A limited analysis was carried out using the shell element S4R, which is a four-node, 
doubly curved, hourglass control element with finite membrane strains employing 
reduced integration. For a clamped circular plate of radius lm and thickness of 0.02m, 
subject to a blast load idealized by imparting a uniform initial velocity of 31.25 m/s to all 
the interior nodes, the maximum deflection was found to be 0.109309m at 0.00300007s. 
The planar shell feature was used and a mesh size of 0.01m selected. The response of 
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circular plates of thicknesses 0.04 m and 0.08 m to the same load was also analyzed. For 
the plate thickness 0.04m, the maximum deflection was found to be 0.0947229 m at 
0.00240008 s; the corresponding values for the 0.08 m thick plate was 0.068388m at 
0.001800 s. 
2.3.3. Comparative Analysis 
Using the solid and shell element analysis results corresponding to the maximum number 
of elements used for each of the plate thicknesses, two plots to identify the trends in the 
characteristic time and the maximum displacement with changing values of plate 
thickness were made. The plots for the solid and shell element analyses have been 
superimposed in these figures ( Figures 2.8 and 2.9) which indicate a monotonic decrease 
of the characteristic time and maximum displacement with increasing thickness of the 
clamped circular plate. Comparative plots using theoretical evaluations based on two 
different formulations are also given. No specific reference to damping has been made in 
the theoretical formulations by Wang and Hopkins and Symonds and Wierzbicki ; the 
FEM analysis did not incorporate damping either. The mismatch between the FEM 
results and the theoretical ones are attributable to the assumptions that underlie the latter 
sets of results. For example, Wang and Hopkins [1954] base their formulations entirely 
on the assumption of bending while Symonds and Wierzbicki [1979] consider membrane 
stretching alone. The FEM plots on the other hand, incorporate both of these deformation 
modes. The results understandably lie in between the two theoretical extremes based on 
exclusion of either of the phenomena. Furthermore, the solid and plate finite element 
results compare very well to each other. 
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Figure 2.8 Variation of the Characteristic Time, T, with the Thickness, h, of 
an Impulsively Loaded Clamped Circular Plate of Radius lm 
Figure 2.9 Variation of the Maximum Displacement with the Thickness, h, of an 
Impulsively Loaded Clamped Circular Plate of Radius lm. 
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2.4. Blast Loading on Rectangular Plates, no Damping 
The dynamic loading of a rectangular plate with no damping, subjected to a zero-period 
impulse, was analyzed under the following boundary conditions: a) simply supported and 
b) built-in. A parametric study, investigating the effect of varying the thickness of plate 
on its response to blast loads that could be idealized by the same uniform initial velocity 
(31.25 m/s) was carried out. Also, the impact of varying impulse levels of the blast load 
on the response of a fixed thickness (0.02m) plate was investigated. 
2.4.1. Response of a Simply Supported 6.0 m x 2.1 m Rectangular Plate 
The response of simply supported plates, each 6 m long and 2.1 m wide but with different 
thicknesses, subjected to a blast load idealized by a uniform initial velocity of 31.25 m/s 
was analyzed. The three parameters of focus here were : a) the maximum displacement, 
b) the characteristic time, which is the time required to attain the maximum displacement 
and c) the Von Mises stress at the center. A quarter of the rectangular plate was analyzed; 
the implementation of the double symmetry and boundary conditions in ABAQUS was 
the same as that used for the static loading case shown in Figure 2.3 , except for the fact 
that an initial velocity (V3 = 31.25 m/s) was applied to all but the boundary nodes. The 
results of the study have been presented in Table 2.3. The mesh size used for the analysis 
was 0.01 m ; the element type was S4R, which is a four-node doubly curved shell 
element. The S4R element is a linear, reduced integration element which is rather 
versatile in that it can be used for both thick and thin shell formulations. 
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Table 2.3 Maximum Displacement and Characteristic Time for Different 
Thicknesses of a Rectangular Plate (6 m x 2.1 m) Simply Supported 
at its Edges and Subjected to a Zero Period Pulse (V0= 31.25 m/s) 
S.No. Plate 
thickness 
(m) 
Areal mass 
kg/m2 
Maximum 
displacement 
(m) 
T 
(s) 
I (kg.m/s) 
1 0.01 80 0.668683 0.0280005 31500 
2 0.02 160 0.501292 0.0165002 63000 
3 0.03 240 0.427781 0.0144501 94500 
4, 0.04 320 0.387371 0.0120006 126000 
Figure 2.10 shows the variation of the characteristic time, T, with the thickness of the 
plate,h. The blast load for each plate thickness is idealized by the same uniform initial 
velocity, V0 (=31.25 m/s), which implies that the impulse level is increased linearly with 
thickness. The curve indicates a sharp initial decrease in the characteristic time with 
increasing plate thickness with a gradual monotonic decrease with subsequent increments 
in thickness values. 
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Figure 2.10 Variation of Characteristic Time with Plate Thickness for a 
Simply Supported Rectangular Plate (6 m x 2.1 m) 
Figure 2.11 shows the variation of the maximum displacement experienced by the simply 
supported plates of varying thicknesses that are subjected to blast loads of varying levels 
of zero period impulse, each of which can be idealized by the same uniform initial 
velocity (31.25 m/s). 
36 
Figure 2.11 Variation of Maximum Displacement with Plate Thickness for a 
Simply Supported Rectangular Plate (6 m x 2.1 m) 
The effect of varying the initial velocity on the maximum displacement for a fixed 
thickness ( 0.02 m ) simply supported rectangular plate is shown in Figure 2.12. The 
graph shows that the maximum displacement experienced by the plate does not increase 
monotonically with increase in the uniform initial velocity V0 . This is perhaps 
attributable to significant plastic deformation and geometric non-linearity at higher levels 
of blast load. 
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Figure 2.12 Effect of Varying Initial Velocities on a 6 m x 2.1 m x 0.02 m Simply 
Supported Rectangular Plate 
The Von Mises stress contours have been plotted for the simply supported plates in 
Figures 2.13 - 2.16. While there is no discemable pattern of the variation of stress 
contours with thickness, the increasing impulse levels seem to be associated with a 
greater preponderance of high stress zones at the instance of maximum displacement. 
However, the impact of increasing areal density seems to come into play in higher 
thickness plates as evidenced by a more or less similar contour for plates of thicknesses 
0.03 m and 0.04 m. Figure 2.17 shows the time history plots for Von Mises stress at the 
plate center for four different levels of initial velocity : 1 m/s, 8 m/s, 16 m/s and 31.25 
m/s. The corresponding plots for the accumulated plastic dissipation and displacements 
at the center of the plate are given in Figures 2.18 and 2.19, respectively. While the plots 
indicate a discemable plastic response from an initial velocity of 8 m/s upwards, a small 
amount of plastic energy dissipation (9.36 J) was observed for the 4 m/s case as well. 
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Figure 2.13 Von Mises Stress Contour in Simply Supported Plate (0.01 m 
thick) at 0.28000 ms after Impact (Initial Velocity 31.25 m/s) 
Figure 2.14 Von Mises Stress Contour in Simply Supported Plate (0.02 m 
thick) at 0.165 ms after Impact (Initial Velocity 31.25 m/s) 
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Figure 2.15 Von Mises Stress Contour in Simply Supported Plate (0.03 m thick) 
at 0.1445 ms after Impact (Initial Velocity 31.25 m/s) 
Figure 2.16 Von Mises Stress Contour in Simply Supported Plate (0.04 m thick) 
at 0.12001 ms after Impact (Initial Velocity 31.25 m/s) 
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Figure 2.17 Von Mises Stress Time History Plots for the Plate Center. 
(0% Damping). Vo =lm/s, 8m/s, 16m/s, 31.25m/s. 
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Figure 2.18 Accumulated Plastic Energy Dissipation (0% Damping). 
Vo =lm/s, 8m/s, 16m/s, 31.25m/s. 
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Figure 2.19 Displacement Time History at Center (0% Damping). 
V0 =lm/s, 8m/s, 16m/s, 31.25m/s. 
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2.4.1.1. Damped Response of a Simply Supported Flat Plate 
The response of a 6.0 m x 2.1 m x 0.02 m plate, taking energy dissipation due to 
damping into consideration, was analyzed for blast loads idealized by different initial 
velocity levels.. 
The damping was introduced using the Rayleigh damping option available in ABAQUS 
since alternative energy dissipation mechanisms were not present in the model. Rayleigh 
damping was defined under material definition using the two Rayleigh parameters an 
and J3R which are related to the damping ratio <§• for mode '/' using: 
2coi 2 
where COJ is the natural frequency of the mode i. 
The natural frequencies corresponding to the first ten modes, obtained through a linear 
perturbation step, are shown in Table 2.4. The fundamental frequency obtained through 
the modal analysis employing the Lanczos solver was 76.05 rad/s or 12.104 Hz; the first 
four mode shapes are shown in Figure 2.20. The mesh size used for the analysis was 
0.05m. 
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Table 2.4 Natural Frequencies of the First Ten Modes of a 
6 m x 2.1 m x 0.02 m Flat Plate 
Mode co (rad/s) f(Hz) 
1 76.05 12.104 
2 142.41 22.666 
3 275.35 43.823 
4 475.27 75.642 
5 620.64 98.788 
6 686.65 109.28 
7 742.77 118.22 
8 818.72 130.31 
9 1017.35 161.93 
10 1078.82 171.70 
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m 
Mode 1 Mode 2 
Mode 3 Mode 4 
Figure 2.20 First Four Mode Shapes; 6 m x 2.1 m x 0.02 m 
Simply Supported Plate. Quarter Plate shown. 
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An important aspect in capturing the response of the structure in ABAQUS was the 
selection of the field output request frequency. In order to have a set of at least 20 data 
points over an entire time period of 0.0826s pertaining to the fundamental mode, the 
response data was requested to be sampled every 0.003 s. The fixed time increment 
option was used in the interest of uniformity of output. 
The response of the plate under various levels of blast load was studied. The plots of 
displacement and Von Mises stress for different initial velocities, ranging from 1 m/s to 
31.25 m/s, are shown in Figures 2.21 and 2.22. It is observable from the trend of data that 
the maximum displacement has a more-or-less linear relationship with the initial velocity 
with which the pulse impacts the plate. As far as the Von Mises stresses are concerned, 
the linear relationship with the initial velocity ends much below the yield strength of the 
material. Stress values of 580 MPa were observed for cases involving initial velocities 8 
m/s and higher. The duration of the plastic response was about 0.25 s for initial velocities 
of 8 m/s and 16 m/s. However, it was much smaller for the 31.25 m/s case. Furthermore, 
for this particular case the oscillations were found to occur about a position offset from 
the static equilibrium position by about 0.365 m in the direction of the impacting pulse. 
There was some dissipation of plastic energy (0.290532 J) for the 4 m/s case. However, 
for the 8 m/s ,16 m/s and 31.25 m/s cases, there was a continuous increase in the amount 
of plastic energy dissipated. The peak dissipation of plastic energy for these cases was 
approximately 4.6 kJ, 47 kJ and 207 kJ respectively, suggestive of increasing plastic 
deformation. 
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The results pertaining to the 2% damping case have been shown graphically in Figures 
2.23-2.25 and Appendix E; those for 5% have been given in Appendix H. 
Figure 2.21 Maximum Displacement of (6 m x 2.1 m x 0.02 m) Plate for 
Different Initial Velocities 
Figure 2.22 Von Mises Stress at (6 m x 2.1 m x 0.02 m) Plate Center for 
Different Initial Velocities 
48 
Figure 2.23 Von Mises Stress Time History Plots for Center (2% damping). 
VQ =lm/s, 8m/s, 16m/s, 31.25m/s. 
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Figure 2.24 Displacement Time History Plots for Center (2% damping). 
V0 =lm/s, 8m/s, 16m/s, 31.25m/s. 
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Figure 2.25 Accumulated Plastic Energy Dissipation (2% damping). 
Vo =lm/s, 8m/s, 16m/s, 31.25m/s. 
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2.4.2. Response of a 6.0 m x 2.1 m Clamped Rectangular Plate, no 
Damping 
The foregoing analysis was repeated for the case of dynamic loading of rectangular plates 
with built-in edges. The blast loading was again simulated by applying a uniform initial 
velocity (V3 = 31.25 m/s) to all the interior nodes; the other boundary conditions were 
analogous to those shown in Figure 2.7. The results of the analysis are presented in Table 
2.5. 
Table 2.5 Maximum Displacement and Characteristic Time for Different 
Thicknesses of a Rectangular Plate (6 m x 2.1 m) Clamped at its 
Edges and Subjected to a Zero Period Pulse (Vo= 31.25 m/s ) 
S.No. Plate 
thickness 
(m) 
Areal mass 
kg/m2 
Maximum 
displacement 
(m) 
T 
(s) 
I 
(kg-m/s) 
1 0.01 80 0.12102 0.00385122 31500 
2 0.02 160 0.117335 0.00385102 63000 
3 0.03 240 0.113594 0.00385102 94500 
4 0.04 320 0.110871 0.00385103 126000 
Figure 2.26 shows the variation of the characteristic time with the thickness of the plate. 
The characteristic time, T, for the case of clamped plates is substantially lower than that 
for the simply supported counterparts. Also, the maximum displacement experienced by 
the rectangular plates (Figure 2.27) with clamped boundary conditions is much less than 
that experienced by simply supported rectangular plates of identical dimensions and 
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loading. The areal density of the plate seems to offset the effect of increasing impulse 
levels insofar as the characteristic time and maximum displacement are concerned. 
Figure 2.26 Variation of Characteristic Time with Plate Thickness for a 
Clamped Rectangular Plate (6 m x 2.1 m) 
Figure 2.27 Variation of Maximum Displacement with Plate Thickness for a Clamped 
Rectangular Plate (6 m x 2.1 m) 
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The effect of varying the initial velocity on a clamped rectangular plate of thickness 0.02 
m is shown in Figure 2.28. The graph indicates that, unlike in the case of simply 
supported rectangular plates, the maximum displacement in the built-in case increases 
monotonically with increasing uniform initial velocity Vo . 
0.7 -
0.6- • - - - - - -
^^  
E 0.5 -
"»>•*• 
+ J 
5 0.4 - - -
E 
o> 8 0.3 
Q. 
£ 0.2- , Q 
1
 0.1 
0 20 40 60 80 100 
V0 (m/s) 
Figure 2.28 Effect of Varying Initial Velocities on a 6 m x 2.1 m x 0.02 m Clamped 
Rectangular Plate 
The Von Mises stress contours for the clamped plates are shown in Figures 2.29- 2.32. 
In the case of the 0.01 m thick plate, there seems to be a significant portion of the plate 
under elevated levels of stress. This is unlike the case of the simply supported counterpart 
where only scattered areas of elevated stress were observed. The impact of increasing 
areal density, which was not found to have been significant on the characteristic time and 
the maximum displacement, seems to be of some importance in regard to the stresses. 
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There seems to be a decrease in the proportion of high stress areas with increasing areal 
density, notwithstanding the increasing levels of impulse. 
EG, ( f rac t ion = -1.0) 
C r i t . : 75S1 
Figure 2.29 Von Mises Stress Contour in Clamped Plate (0.01 m thick) 
at 3.851 ms after Impact (Initial Velocity 31.25 m/s) 
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Figure 2.30 Von Mises Stress Contour in Clamped Plate (0.02 m thick) 
at 3.851 ms after Impact (Initial Velocity 31.25 m/s) 
Figure 2.31 Von Mises Stress Contour in Clamped Plate (0.03 m thick) 
at 3.851 ms after Impact (Initial Velocity 31.25 m/s) 
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S, Mises 
SKG, ( f rac t ion = -1.0) 
(Ave. C r i t . : 75S) 
+5.800e+08 
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+7.726e+07 
+3.155e+07 
Figure 2.32 Von Mises Stress Contour in Clamped Plate (0.04 m thick) 
at 3.851 ms after Impact (Initial Velocity 31.25 m/s) 
2.4.3. Response of a Simply Supported 6.0 m x 6.0 m Square Plate 
The blast response of square plates of planar dimension (6.0 m x 6.0 m), but with varying 
thicknesses was analyzed. The plates were assumed to be simply supported. The zero-
period pulses, to which the plates were subjected to, were idealized by a uniform initial 
velocity of 31.25 m/s; this amounted to varying levels of impulse on the plates as shown 
in Table 2.6. The effect of changing the thickness of the plate on the two parameters -
maximum displacement and characteristic time - have been shown graphically in Figure 
2.33 and 2.34, respectively. The graphs indicate that the characteristic time decreases 
almost linearly with increasing plate thickness, however, the maximum displacement has 
a non-linear pattern of decrease. The areal density of the plate was made to increase 
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linearly as was the impulse level. The graphs indicate that an increase in impulse level 
not only offsets the effect of a similar increase in areal density, but in fact increases the 
maximum displacement. 
The Von Mises stress contours of the plate of thickness 0.01 m are shown in Figure 2.35; 
the plots pertaining to higher thickness plates have been included in Appendix C. 
Table 2.6 Maximum Displacement and Characteristic Time for Different 
Thicknesses of a Square Plate (6 m x 6 m) Simply Supported at its 
Edges and Subjected to a Zero Period Pulse (V0= 31.25 m/s ) 
S.No. Plate 
thickness 
(m) 
Areal mass 
kg/m2 
Maximum 
displacement 
(m) 
T 
(s) 
I 
(kg-m/s) 
1 0.01 80 1.11896 0.0440014 90000 
2 0.02 160 0.830115 0.0360046 180000 
3 0.03 240 0.751795 0.0300023 270000 
4 0.04 320 0.681258 0.0240018 360000 
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Figure 2.33 Variation of Maximum Displacement with Plate Thickness for a Simply 
Supported Square Plate (6 m x 6 m) 
Figure 2.34 Variation of Characteristic Time with Plate Thickness for a Simply 
Supported Square Plate (6 m x 6 m) 
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S, Hises 
SHEG> ( f r a c t i o n = - 1 . 0 ) 
(Ave. C r i t . : 7S%) 
+5.800e+08 
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Figure 2.35 Von Mises Stress Contours in Simply Supported 6 m x 6 m x 0.01 m 
Plate at 0.44001 ms 
2.4.4. Response of a Clamped 6.0 m x 6.0 m Square Plate 
The blast response of square plates of planar dimension (6.0 m x 6.0 m), clamped at its 
edges, of varying thicknesses was studied. In each of the case studies, a blast load 
idealized by a uniform initial velocity of 31.25 m/s, was imparted to the plate; the 
corresponding levels of impulse on the plates have been shown in Table 2.7. Figures 
2.36 and 2.37 give the variation of the maximum displacement and the characteristic 
time, respectively, of these plates with the thickness. It was found that the characteristic 
time of the clamped plates had a marginal dependence on the plate thickness. The 
maximum displacement, too, had a small variation (2.96%) over the thickness range. The 
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areal density of the plate seems to offset the effect of increasing impulse levels in so far 
as the maximum displacement and the characteristic time are concerned. Also the 
magnitudes of the maximum displacement in the case of clamped plates is much smaller 
than those in the case of simply supported plates, although the relative constancy of the 
displacements in the clamped plates implies that this difference is more apparent in the 
case of thin plates. 
The Von Mises stress contours of the plate of thickness 0.01 m has been shown in Figure 
2.38 ; the plots pertaining to higher thickness plates have been included in Appendix D. 
Table 2.7 Maximum Displacement and Characteristic Time for Different 
Thicknesses of a Square Plate (6 m x 6 m) Clamped at its 
Edges and Subjected to a Zero Period Pulse (Vo= 31.25 m/s ) 
S.No. Plate 
thickness 
(m) 
Areal mass 
kg/m2 
Maximum 
displacement 
(m) 
T 
(s) 
I 
(kg-m/s) 
1 0.01 80 0.357991 0.0110001 90000 
2 0.02 160 0.357419 0.0110016 180000 
3 0.03 240 0.351848 0.011001 270000 
4 0.04 320 0.347677 0.0110007 360000 
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Figure 2.36 Variation of Maximum Displacement with Plate Thickness for a 
Clamped Square Plate (6 m x 6 m) 
Figure 2.37 Variation of Characteristic Time with Plate Thickness for a Clamped 
Square Plate (6 m x 6 m) 
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S, Mises 
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Figure 2.38 Von Mises Stress Contours in Clamped 6m x 6m x 
0.01m Plate at 0.11 ms 
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3. BLAST ANALYSIS OF A TRUSS-CORE SANDWICH PLATE 
A sandwich construction having a trass core, given by Tan et al. [1989], was taken up for 
investigation of the structural response under blast loading. The planar dimensions of this 
plate was 6.0 m x 2.12 m; the detailed dimensions are outlined in Table 3.1 and the 
typical unit cell geometry shown in Figure 3.1. 
2p 
Tie constraint 
w3 Tie Constraint 
Figure 3.1 Corrugated Core Geometry; Tie Constraints for 
Simulating Welded Joints 
d-tl/2-t2/2 
The top and bottom face plates, each 2.5 mm thick, are assumed to be continuously 
welded to the corrugated core, which has the same thickness. There are four cores in all, 
running along the length of the plate, which is simply supported on all its edges. The face 
plates and corrugations were of the same material having the following properties: E: 209 
x 109 Pa and Poisson's ratio : 0.3. Figure 3.2 gives the schematic plan view of the 
sandwich plate which shows the direction of the core. 
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Direction of Core 
1' / 
/ I "A 
2.12 m 
Figure 3.2 Sandwich Plate Geometry 
Table 3.1 Dimensional and Material Details of the Corrugated Truss Core 
Parameter Dimension 
bx a 2.12 m x 6.0 m 
P 265 mm 
he 105 mm 
w2 82.5 mm 
w3 165.0 mm 
tl 2.5 mm 
t2 2.5 mm 
tc 2.5 mm 
d 110 mm 
No. of cores 4 
E 209 GPa 
V 0.3 
G 80.39 GPa 
a 45° (approx.) 
Areal density 60.8 kg/mz 
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3.1. Static Analysis of a Sandwich Plate 
A study of the static loading of the sandwich plate was undertaken as a precursor to the 
dynamic blast analysis. The simply supported sandwich plate was subjected to a uniform 
static pressure of 5500 N/m2. The laser welded connections were modeled using the 'tie 
constraint' feature in ABAQUS, which fuses two parts together regardless of whether the 
meshes on these parts match, it being a mesh independent fastener. Such a 'tying' of parts 
ensure their kinematic synchrony, and is one way of simulating a welded connection. The 
master and slave surface attributes required of this feature were assigned, respectively, to 
the face plates and the relevant trough portions in contact. A linear analysis using shell 
elements (S8R and S4R) was carried out. The constraint enforcement method used was 
the tie-constraint analysis default in ABAQUS. 
3.1.1. Selection of Element Type 
Conventional shell elements (S8R), rather than 3-D solids, from the ABAQUS Standard 
library were used for the analysis of the sandwich structure, as the thickness of the plate 
elements is much smaller than the other two dimensions. Besides, the fact that the local 
stresses in the thickness direction for individual elements could be assumed to be 
negligible also added to the justification of shell-element based analysis. 
Two different types of elements were attempted. The first was the element S8R, which is 
an eight-node, doubly curved thick shell element. This is a quadratic element, with six 
degrees of freedom per node and uses reduced integration. The special-purpose thick 
shell element is suitable for small strains and large rotations. The second element type 
used was S4R, which is a general-purpose element in that it can be used for both thick 
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and thin shell formulations. This is a linear element with four nodes employing reduced 
integration. While the S4R element is available for use in the Explicit solver of 
ABAQUS, the S8R element is not. The modeling technique inherently brings in shear 
flexibility to the sandwich structure due to the transverse deformation of the sandwich 
core unit cells. 
3.1.2. Boundary Conditions 
Use was made of the double symmetry conditions in the analysis, so that only a quarter of 
the sandwich plate was modeled. This approach was used in the interest of economizing 
computational time and cost , an aspect that was considered particularly advantageous 
from the point of view of the computation-intensive dynamic analysis planned for the 
subsequent study. 
Since the top and bottom face plates are welded to the folded trough core, the boundary 
and symmetry conditions were applied to the edges of these plates. The implementation 
of the boundary and symmetry conditions in ABAQUS for the simply supported 
sandwich plate is shown in Figure 3.3. 
3.1.3. Static Analysis Results 
The convergence plot for the static analysis using the element S4R is given in Figure 3.4. 
The average centerline deflection was found to converge to 7.55 mm for the S8R 
element. The convergence for the case of the S4R element expectedly, requires a finer 
mesh than that required of the quadratic element. However, a mesh size of 0.01m gives 
results (Table 3.3) of centerline deflection (7.56 mm) that are reasonably close (within 
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0.13%) to those obtained by the quadratic element (Table 3.2). The deformed shape of 
the case with S8R elements is shown in Figure 3.5. While there were local deflections, 
particularly in the portions of the top plate not directly reinforced by a welded joint, the 
centerline deflection had the maximum magnitude. The minimum global size of the mesh 
used in the convergence study using the S8R element was 0.02m; the total number of 
elements in this case was 24,900. Further mesh refinement was not attempted as 
convergence to within the third significant digit for the centerline deflection was 
obtained. Besides, the computational resource required for further mesh refinement was 
unavailable. For interest, a plot of the Von Mises Stress is given in Figure 3.6. The mesh 
size used for the plots was 0.02m. 
Table 3.2 Deflection of Sandwich Plate: Convergence Study for 
S8R Element 
Centerline Deflection (m) Mesh Size 
(m) 
Number of 
Elements 
Number of 
Nodes 
Top plate Bottom 
Plate 
Average 
Sandwich 
Plate 
Element type: S8R (quadratic shell 
element) 
0.00807 0.00684 0.00746 0.05 4020 12557 
0.00814 0.00689 0.00752 0.04 6455 19975 
0.00819 0.00687 0.00753 0.03 11,200 34427 
0.00820 0.00690 0.00755 0.02 24,900 75935 
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Table 3.3 Deflection of Sandwich Plate: Convergence Study for 
S4R Element 
Centerline Deflection (m) Mesh Size 
(m) 
Number of 
Elements 
Number of 
Nodes 
Top plate Bottom 
Plate 
Average 
Sandwich 
Plate 
Element type: S4R (linear shell element) 
0.00747 0.00634 0.00691 0.05 4020 4270 
0.00787 0.00666 0.00727 0.04 6450 6764 
0.00800 0.00672 0.00736 0.03 11,200 11615 
0.00814 0.00685 0.00750 0.02 24,900 25,519 
0.00820 0.00691 0.00756 0.01 99,900 1,01,136 
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Figure 3.3 Finite Element Mesh over a Quarter of the Sandwich 
Plate -Boundary Conditions Applied to the Top and 
Bottom Face Plate 
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Figure 3.4 Convergence Plot for S4R Element 
Figure 3.5 Deformed Shape of the Sandwich Plate 
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Figure 3.6 Von Mises Stress Contours 
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3.2. Effect of Change in Face Plate Thickness and Core Thickness 
The impact of changes in the thickness of the faceplates and core on the average 
centerline deflection was analyzed. Figure 3.7 shows the results of increasing equally the 
top and bottom plate thicknesses while retaining the core thickness at the base level of 
2.5 mm. Figure 3.8 indicates graphically the result of selectively increasing the core 
thickness while maintaining the plate thickness at 2.5 mm. The results indicate that 
increasing the core thickness has a more pronounced effect in lowering the centerline 
deflection as compared to simultaneously increasing the thicknesses of both the face 
plates. A core thickness value of 4 mm, for example results in a centerline deflection of 
3.26 mm whereas increasing the top and bottom face plate thicknesses to 4mm results in 
an average centerline deflection of 4.86 mm. This is attributable to the effect of the two 
types of changes on the sandwich structure: increased face plate thickness results in 
increased bending rigidity whereas increased core thickness causes increased shear 
rigidity. 
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Figure 3.7 Effect of Change in Face Plate Thickness on Sandwich Plate Response 
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Figure 3.8 Effect of Change in Core Thickness on Sandwich Plate Response 
3.3. Static Analysis of Sandwich Plate: Alternate Modeling Technique 
An alternative technique that uses connecting plate elements to simulate welded 
connection between parts in contact was also attempted for the static analysis of the 
sandwich plate. This technique is based on the enforcement of continuity between parts 
that are required to be welded through 'connecting' elements. A tacit assumption here is 
the reinforcement of the structure through superimposed material. 
The connecting links in the present analysis also used the shell elements (S8R) which are 
used for modeling the rest of the structure. The plate elements, running along the entire 
length of the structure, spanned the width of the landings in contact with the face plates 
(Figure 3.9). The thickness of the connecting shell elements, which were orthogonal to 
the face plates, was 165 mm. 
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Figure 3.9 Location of Link Elements for Simulating Welded Connection 
The geometric dimensions and the material properties were identical to that detailed for 
the analysis using tie constraints. The boundary conditions were imposed on all of the 
edges at the symmetry cuts and the simply supported ends. 
3.3.1. Results of Sandwich Plate Analysis with Link Elements 
The results of the analyses are given in Table 3.4, which shows that the average 
centerline deflection for the structure is around 8.8 mm for a mesh size of 0.03m. The 
corresponding deflection pattern has been shown in Figure 3.10 and the stress contours in 
Figure 3.11. The maximum deflection is experienced at the centerline of the top face 
plate, the magnitude of which was found to be 11.70mm. The stress contours (mesh size 
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0.03 m) indicate all of the sandwich plate is well within the elastic range. There are 
isolated regions that have stress concentrations, but are still within the elastic range. The 
analysis with link elements gave an average centerline deflection of 0.0095 m as 
compared to 0.0076 m obtained using tie constraints. This shows greater flexibility in the 
link element based analysis. 
Table 3.4 Deflection of Sandwich Plate: Use of Connecting 
Elements for Welded Joints 
Centerline Deflection (m) Mesh Size 
(m) 
Number of 
Elements 
Number of 
Nodes 
Top plate Bottom 
Plate(lower) 
Average 
Sandwich 
Plate 
Element type: S8R (quadratic shell 
element) 
0.01170 0.00728 0.00949 0.05 4,560 13,590 
0.01172 0.00730 0.00951 0.04 6,750 20,128 
0.00847 0.00641 0.00954 0.03 12,100 36,140 
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3 1 
Figure 3.10 Deformed Shape of the Sandwich Plate using Link Element 
Technique 
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Figure 3.11 Von Mises Stress Contours on the Deformed Sandwich Plate 
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3.4. Dynamic Analysis of Sandwich Plates, no Damping 
The dynamic response of the corrugated truss core sandwich plate under a blast load, 
idealized by a uniform initial velocity of 1, 8, 16 and 31.25 m/s, was analyzed. The 
sandwich plate in this case was assumed to be built in along its edges. Since the top face 
plate was subjected directly to the blast load, it was assigned a uniform initial velocity. 
The boundary conditions used have been shown in Figure 3.3. The element used in the 
analysis is S4R, which is a linear reduced integration element. The choice of the element 
was dictated in part by the fact that the dynamic analysis was carried out in ABAQUS 
Explicit, which does not support higher order elements. S4R has a broad range of 
application, that includes both thick and thin shell formulation, it being a general-purpose 
element. The geometry of the sandwich construction was identical to that used in the 
static analysis of Section 3.1. The following material properties were used for the 
dynamic analysis: E : 200 GPa ; v : 0.3; density: 8000 kg/m3; and YS: 580 MPa . The 
evaluation of stiffness matrices was done during the analysis on the section points 
through the thickness of the shell, rather than before, which ensured that non-linear 
behavior of the material was captured in the model. Geometric non-linearity is enabled 
by default in ABAQUS Explicit. 
3.4.1. Results of Sandwich Plate Blast Analysis, no Damping 
The results of the blast analysis in terms of the out-of-plane displacement of the sandwich 
plate is shown in Figure 3.12. The maximum displacement was found to occur at 
0.0160033 s, at the centerline of the top face plate. The magnitude of this displacement 
was 0.220343 m. The simply supported sandwich plate continues to vibrate with abated 
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amplitude for an extended period. The plots trace the response for a period of at least 0.3 
s after impact. The Von Mises time history contours of the plate are shown in Figure 
3.13. From the time history plot it is apparent that the center-line stress in the panel 
reaches the yield limit at 8 m/s , a fact that is corroborated by the plastic energy 
dissipation plot for the model which indicates a peak magnitude of about 1 kJ (Figure 
3.14). On comparison of the results of the blast load simulation for the sandwich plate 
with those for the monolithic plates subjected to the same boundary and loading 
conditions, it is found that a flat plate of comparable stiffness subjected to the same load 
has a much larger maximum deflection . It is apparent therefore that the sandwich 
construction with an areal density of 60.8 kg/m is superior as far as the maximum 
displacement as a parameter of structural rigidity is concerned. 
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Figure 3.12 Center Displacements (0% Damping). 
Vo =lm/s, 8m/s, 16m/s, 31.25m/s. 
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Figure 3.13 MaximumVon Mises Stress Time History at Center 
(0% Damping). V0 =lm/s, 8m/s, 16m/s, 31.25m/s. 
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Figure 3.14 Accumulated Plastic Energy Dissipation (0% Damping). 
V0 =lm/s, 8m/s, 16m/s, 31.25m/s. 
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3.5. Response of a Simply Supported Sandwich Plate with Damping 
The response of a truss-core sandwich plate of planar dimensions 6 m x 2.12 m to 
different levels of blast load was analyzed taking into account energy dissipation through 
damping. In a manner analogous to that outlined earlier for flat plates, this was done 
through the Rayleigh damping option. A linear perturbation step was first invoked to 
evaluate the natural frequencies (Table 3.5) and mode shapes. The fundamental 
frequency was found to be 138.38 rad/s (22.024 Hz). The data points for the desired 
output parameters were requested at every 0.001 s which ensured at least 20 points over 
the time period of oscillation. The fixed time increment option was exercised. 
Table 3.5 Natural Frequencies of First Ten Modes for the Sandwich Plate 
Mode f(Hz) 
1 22.024 
2 47.007 
3 65.761 
4 78.033 
5 86.719 
6 99.582 
7 91.723 
8 103.36 
9 107.01 
10 107.60 
The response under four different initial velocities - 1 m/s, 8 m/s, 16 m/s and 31.25 m/s 
was studied. The maximum Von Mises stress for the 1 m/s case was found to be 89.72 
MPa while that for the 16 m/s case was 580 MPa. For the 31.25 m/s case, the response 
extended for about 0.11 s into the plastic domain, with stress values reaching the yield 
stress level of 580 MPa. Significant plastic dissipation of energy was found to occur for 
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both the 16 m/s case and the 31.25 m/s case. The magnitude of plastic energy dissipation 
for the 16 m/s case was about 6.6 kJ ; that for the 31.25 m/s case was 34 U . The 
response time for attaining more than 95% of this dissipation was around 0.13s for the 16 
m/s case but only 0.095s for the 31.25 m/s case. The data clearly indicates a non-linear 
relationship between impulse level and the dissipation of plastic energy. The response of 
the sandwich plate in terms of the peak displacement indicates that these values do not 
have a linear relationship with initial velocity. 
Results for sandwich plate analysis (5% damping) have been attached in Appendix I. The 
results for 2% damping have been shown graphically in Figures 3.15-3.17. The tabulated 
results for the maximum displacement and plastic energy dissipation are shown in Table 
3.6., 
Table 3.6 Maximum Displacement and Plastic Energy Dissipation under Different 
Damping Ratios 
V0 
(m/s) 
Maximum Displacement (m) Plastic Energy Dissipation (J) 
0% 2% 5% 0% 2% 5% 
1 0.00673058 0.00650811 0.00619225 0 0 0 
8 0.0477551 0.0476208 0.0458472 1013.14 731.761 517.826 
16 0.0897162 0.0876031 0.0844906 7435.67 6616.46 5765.18 
31.25 0.220343 0.20748 0.197936 36573.2 34071.4 31252.5 
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Figure 3.15 Center Displacement Time History (2% Damping) 
Vo =lm/s, 8m/s, 16m/s, 31.25m/s. 
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Figure 3.16 Maximum Von Mises Stress at Center (2% damping). 
V0 =lm/s, 8m/s, 16m/s, 31.25m/s. 
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Figure 3.17 Accumulated Plastic Energy Dissipation (2% Damping) 
Vo =lm/s, 8m/s, 16m/s, 31.25m/s. 
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3.5.1. Comparative Analysis of Sandwich and Flat Plates of Equivalent 
Stiffness 
The sandwich plate and the 6 m x 2.1 m x 0.02 m thick flat plate results offer a 
reasonable comparison between structures having equivalent stiffness. The central 
deflection for the top face sheet of the sandwich plate was found to be 0.0082 m, while 
that for the 0.02 m thick plate is 0.0088m. The results for four different levels of blast 
load corresponding to initial velocities 1 m/s, 8 m/s, 16 m/s and 31.25 m/s indicate that 
the displacement levels experienced by the sandwich structure are significantly lower 
than that experienced by the flat plates. It is also evident from the data (Figure 3.18 -
3.19) that while the maximum displacement for the flat plate tends to increase almost 
linearly with impulse level, that for the sandwich plate has a much slower rate of increase 
till load levels corresponding to 16 m/s.. 
From the view of dissipation of plastic energy (Figure 3.20), a comparison of the output 
data indicates that the dissipation of plastic energy in the flat plate far exceeds that in the 
sandwich plate for high initial velocities . For the 16 m/s case, the values are 47 kJ for the 
flat plate and 6.6 kJ for the sandwich plate. For the 31.25 m/s, the corresponding values 
are 207 kJ and 34 kJ respectively. 
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Figure 3.18 Center Displacement of Sandwich and Monolithic Plates 
of Equivalent Stiffness (2% Damping) 
Figure 3.19 Center Von Mises Stress for Sandwich and Monolithic Plates of 
Equivalent Stiffness (2% Damping) 
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Figure 3.20 Plastic Energy Dissipation for Sandwich and Monolithic Plates of 
Equivalent Stiffness (2% Damping) 
3.5.2. Comparative Analysis of a Sandwich and Flat Plates of 
Equivalent Areal Density 
The areal density of the sandwich structure was 60.8 kg/m which equals that of a 6 m x 
2.1 m x 0.0076 m flat plate. A comparison of the response of the two structures (Figures 
3.21 - 3.23) for the 2% damping case indicates that the sandwich structure deforms 
significantly less than the flat plate. The plastic dissipation of energy for the 16 m/s and 
31.25 m/s cases are 18 kJ and 80 kJ respectively for the flat plate but only 6.6 kJ and 34 
kJ respectively for the sandwich plate. This indicates that the amount of plastic 
deformation is much lower for the sandwich structure as compared to a monolithic flat 
plate of equivalent areal density. Results for the blast analysis of the 0.0076 m plate have 
been included in Appendix F. 
91 
Figure 3.21 Center Displacement for Sandwich and Monolithic Plates of 
Equivalent Areal Density (2% Damping) 
Figure 3.22 Center Stress for Sandwich and Monolithic Plates of 
Equivalent Areal Density (2% Damping) 
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Figure 3.23 Plastic Energy Dissipation for Sandwich and Monolithic Plates of 
Equivalent Areal Density (2% Damping) 
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4. SUMMARY AND CONCLUSIONS 
The issues related to the numerical simulation and determination of response to blast 
loading in the context of monolithic, or single skin structures, and a typical sandwich 
structure were investigated. Use was made of the commercial finite element package 
ABAQUS Explicit for dynamic analyses and ABAQUS Standard for static cases. The 
focus of the analysis was on a type of blast loading that can conveniently be characterized 
as zero period pressure pulse, based on the relative durations of loading and response of 
the structure. The concept of idealizing such a load by applying a uniform initial velocity 
was employed for simulating the impact. However, whereas this velocity was applied to 
the entire body in the case of single skin structures, it was applied only to the face sheet 
facing the blast for the sandwich structure. 
While the primary focus of the study was on dynamic loading, a limited number 
of cases of static loading were also investigated in the interest of comparison with 
benchmark analytical solutions. The FEA results here were found to be in excellent 
agreement with the analytical ones. Comparisons of FEA results for the dynamic loading 
of flat plates were also made with available theoretical results, while taking into 
consideration the assumptions involved in the latter. In the context of the sandwich 
structure, comparison with benchmark results was facilitated by using identical sandwich 
plate geometry, material definition and loading to that used by Tan et al. [1989] for a 
static loading case, experimental and numerical results for which were readily available. 
Such comparative analyses were designed to instill a measure of confidence in the 
modeling technique and the choice of the element type. 
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A number of parametric studies were carried out for both the monolithic and 
sandwich structures. These included the variations in thickness of monolithic plates as 
well as the variation of the levels of blast load. Dissipation of energy due to damping (2% 
and 5% of critical) was also investigated . Also included were the analyses of plates using 
different element types - the solid brick element C3D8R and the shell elements S4R and 
S8R. The feasibility of using shell elements could be established through these studies. 
This is particularly relevant for sandwich structures, which are amenable to shell element 
based analysis, since the computational time for dynamic analysis using the brick 
elements is enormous. While the quadratic shell element S8R was found to give faster 
convergence in the case of static loading, use had to be made of the linear shell element 
S4R for dynamic analyses as ABAQUS Explicit does not support S8R. 
For the sandwich plate, the impact of changing the core thickness and the face 
plate thickness was examined for the static loading cases. Preliminary results seem to 
indicate that the core thickness has a greater influence on the response of the structure 
than the face plate thickness. The impulse levels for dynamic loading were varied to 
include response under both the linear elastic and the elasto-plastic domain. As in the 
case of monolithic plates, the effect of introducing damping (2% and 5% of critical) was 
also analyzed. The results of comparative analysis seem to suggest that sandwich plate 
response is superior, both in the elastic and the plastic domain, to that of monolithic 
structures. On an equivalent stiffness basis, the sandwich plate exhibited approximately 
55-70% lower displacements and 80% lower plastic energy dissipation than the 
monolithic plate across the range of initial velocities investigated (1 m/s to 31.25 m/s). 
The damping ratio for these cases was 2% . The comparisons on an equivalent areal 
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density basis showed 68-85% lower displacements and 57-64% lower plastic energy 
dissipation levels. The results of numerical simulation however need to viewed in the 
framework of the assumptions of the analyses and have to be verified against 
experimental results. 
96 
REFERENCES 
Bedford A. , Fowler W., 1995, Dynamics, Addison-Wesley Publishing Company, Inc., 
USA. 
Chang W.S., Venstel E., Krauthammer T., John J., 2005, Behavior of corrugated-core 
sandwich plates, Composite Structures, 70: 81-89. 
Cheng Q.H., Lee H.P., Lu C , 2006, A numerical analysis approach for evaluating elastic 
constants of sandwich structures with various cores, Composite Structures, 74: 226-236. 
Deshpande V.S., Fleck N.A., 2000, Isotropic constitutive models for metallic foams, 
Journal of the Mechanics and Physics of Solids, 48: 1253-1283. 
Gere J.M., Timoshenko S.P., 1990, Mechanics of Materials, PWS-KENT Publishing 
Company, Boston, USA. 
Hutchinson J.W., Xue Z., 2005, Metal sandwich plates optimized for pressure impulses, 
International Journal of Mechanical Sciences, 47 : 545-569. 
Libove C, Hubka R.E., 1951, Elastic constants for corrugated core sandwich plates, 
NASA Technical Note 2289. 
Symonds P.S., Wierzbicki T., 1979, Membrane mode solutions for impulsively loaded 
circular plates, Journal of Applied Mechanics, 46(1): 58-64. 
Tan K.H., Montague P., Norris C, 1989, Steel sandwich panels: finite element, closed 
solution , and experimental comparisons, on a 6 m x 2.1 m panel, The Structural 
Engineer, 61 (9): 159-166. 
Timoshenko S.P., Goodier J.N., 1970, Theory of Elasticity, McGraw-Hill, Taipei, 
Taiwan. 
97 
TM 5-1300/NAVFAC P-397/AFR 88-22, 1990, Structures to resist the effects of 
accidental explosions, Joint Departments of the Army, the Navy and the Air Force. 
Ugural A.C., 1999, Stresses in Plates and Shells, WCB McGraw-Hill,USA. 
Wang A.J., Hopkins H.G., 1954, On the plastic deformation of built-in circular plates 
under impulsive load, Journal of the Mechanics and Physics of Solids, 8:22-37. 
Xue Z., Hutchinson J.W., 2003, Preliminary assessment of sandwich plates subject to 
blast loads, International Journal of Mechanical Sciences, 45 : 687-705. 
Xue Z., Hutchinson J.W., 2004, A comparative study of impulse-resistant metal-
sandwich plates, International Journal of Impact Engineering, 30 : 1283-1305. 
Xue Z, Hutchinson J.W., 2006, Crush dynamics of square honeycomb sandwich cores, 
International Journal for Numerical Methods in Engineering, 65: 2221-2245. 
Zenkert D.,1995, An Introduction to Sandwich Construction, Chameleon Press, 
London. 
98 
APPENDICES 
Appendix A. Blast Loading of a Circular Plate using ABAQUS 
(version 6.5-1) 
Geometric Modeling 
Since symmetry conditions exist, only a quarter of the circular plate is considered for 
modeling the dynamic response. A three-dimensional, deformable solid body that 
represents the quarter plate is created by first sketching its two-dimensional profile and 
then extruding it. 
Double click the Parts container in the Model Tree. The Create Part dialog box 
appears. Assign a name, say, Qplate to the part. Accept the default settings and enter 8 for 
the Approximate size. 
Click Continue. 
To create the two-dimensional sketch of the quarter plate, select the Create 
Isolated Points tool. Create three points by entering the coordinates: (0, 0), (0.1,0) and 
(0,0.1). 
Select the Create Lines Connected tool. Pick the points (0,0) and (0,0.1) in the 
viewport to create one of the lines and the points (0,0) and (0.1,0) to create the other. 
The points (0,0.1) and (0.1,0) are joined by an arc. Select the Create Arc: 
Center and 2 Endpoints tool. Pick the point (0,0) as the center of the arc, the point 
(0,0.1) as the start point of the arc and (0.1,0) as the end point. 
Hit the Esc button and click on Done to exit the Sketcher. 
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The Edit Base Extrusion dialog box appears. In the Depth field, type 0.02. 
Accept the default settings in the Options field and click OK. 
Material Property Definition 
Double click the Materials container. The Edit Material dialog box appears. 
Name the material Steel. In the material editor menu bar, click the General menu and 
enter the value 8000 in the density field. 
From the menu bar of the material editor, select 
Mechanical—>Elasticity—»Elastic. The elastic data form appears. Accept Isotropic as the 
material type and type in the following values in the corresponding data fields: 
Young's Modulus: 200.0E9 
Poisson's ratio: 0.3. 
Select Mechanical-»Plasticity->Plastic from the menu bar of the Material editor 
and enter the following in the corresponding data fields: 
Yield stress : 580.0E6 
Plastic strain: 0 
Click OK to exit the material editor. 
Defining and Assigning Section Properties 
Defining a Homogeneous Solid Section 
Double click the Sections container. The Create Section dialog box appears. 
Name the section Plate. Accept Solid as the category and homogeneous, as the type by 
clicking Continue. The Edit Section dialog box appears. 
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Accept the default value of 1 for Plane stress/strain thickness and Steel as the 
Material. Click OK. 
Assigning the Section to the Quarter Plate 
Expand the Parts container and the item QPLATE. 
Double click Section Assignments. Click anywhere on the quarter plate to select 
the entire plate. Click Done in the prompt area. The Edit Section dialog box appears. 
Accept Plate as the section and click OK to assign the section to the quarter plate. 
Assembling the Model 
Expand the Assembly container. Double click Instances; the Create Instance 
dialog box appears. 
In the dialog box select Qplate and click OK to create an instance of the plate. 
Creation of Sets 
Three sets are created, each representing one of the following: the curved face of 
the quarter plate, the face exposed by the vertical cut and the face exposed by the 
horizontal cut. 
Expand the Parts container and double click the item Sets. The Create Set dialog 
box appears. Give a name to the geometry set. Click Continue. 
Click Show/Hide selection and toggle off Select entity closest to the screen. 
Place the cursor over the curved face in the viewport so that dots appear at the 
bottom of the cursor. Click the mouse button to select; use the Previous/Next tab if the 
curved face is not selected already. 
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Repeat the process to create the other two sets: one each for the faces exposed by 
the vertical and the horizontal cuts. 
Defining Analysis Steps 
Creating an Analysis Step 
In the Model tree double click the Steps container. 
The Edit Step dialog box appears. 
Create a single dynamic, explicit step after the initial step. Name the step Blast, 
and give an appropriate description of the step. 
Enter a value of 0.004 s for the time period of the step Blast. 
Application of Boundary Conditions 
Double click on the BCs container. The Create Boundary Condition dialog box 
appears. 
Select Initial as the Step, Mechanical as the Category and Symmetry/ 
Antisymmetry/Encastre as the type. 
Click Continue. 
Click Sets in the viewport. Select the geometry set representing the curved 
surface of the plate. 
In the Edit Boundary Condition dialog box, select Encastre. Click OK. 
Select the geometry set representing the face exposed by the vertical cut. 
Select XSYMM. Click OK. 
Select the geometry set representing the face exposed by the horizontal cut. 
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Select YSYMM. Click OK. 
Application of Initial Velocity 
Double click the Fields container. The Create Field dialog box appears. 
Name the field. Select Initial as the Step, Mechanical as the Category and 
Velocity as the type. Click Continue. 
Drag select the entire quarter plate in the viewport. Click Done. The Edit Field 
dialog box appears. 
In the dialog box type in 31.25 as the value of the translational velocity V3. 
Mesh Generation 
Expand the Parts container and the item QPLATE. Double click Mesh. 
ABAQUS/CAE switches to the Mesh module. 
From the Main menu bar, select Seed->Edge by number. Select the edge 
representing the thickness of the plate and click Done. Type in 2 for the number of 
elements along the edge. Hit Enter. 
From the Main menu bar, select Seed-»Edge by size. Select the edges of one of 
the flat faces of the quarter plate. Click Done. Type in 0.01 as the size of the elements 
along these edges. Hit Enter. 
From the Main menu bar , select Mesh-»Element Type. The Element Type 
dialog box appears. Toggle on Explicit as the element library. Accept the default element 
type C3D8R, an 8-node brick, reduced integration, hourglass control element. 
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From the Main menu bar, select Mesh-»Part. Click Yes in the prompt area to 
generate the mesh on the part. 
Running the Analysis 
Double click the Jobs container in the model tree. The Create Job dialog box 
appears. Name the job and click Continue. The Edit Job dialog box appears. 
Give a brief description of the job and click OK. 
Right click the job name in the Jobs container and click Submit. 
Post-Processing of Result 
Expand the Job container. Right click on the job name and click on Results. 
ABAQUS/CAE fetches the relevant .odb file and switches to the Visualization Module. 
From the Main menu bar, select Tools-»XY Data—>Create. The Create XY 
Data dialog box appears. 
Select ODB Field Output and click Continue. The XY Data from ODB field 
output dialog box appears. 
Click the Variables tab and select Unique Nodal as the position. Toggle on the 
displacement variable U3. 
Click the Elements/Nodes tab and select Node Labels as the method. Click Plot 
to obtain the plot of U3 versus time for the selected node representing the center of the 
plate. 
From the main menu bar, select Tools—»Query. The Query dialog box appears. 
Select Probe Values and click OK. Select the point on the graph indicating the 
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maximum displacement to obtain the exact values of the maximum displacement and the 
corresponding time instant. 
Analysis of Full Circular Plate 
For the analysis of full circular plates it was found necessary to create a partition near the 
edge, resulting in an annular portion at the periphery . Mesh refinement was carried out 
for this portion to obtain the correct results. 
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Appendix B. Varying Impulse Levels, Rectangular Plates 
Table B.l Maximum Displacement and Characteristic Time Variation 
with Changing Level of Impulse - Rectangular plate (6 m x 2.1 m) 
Simply Supported at the Edges (FEA results) 
S.No. Plate thickness 
(m) 
Initial 
velocity 
(m/s) 
Maximum 
displacement 
(m) 
T 
(s) 
I 
(kg-m/s) 
1 0.02 31.25 0.501292 0.0165002 63000 
2 0.02 62.5 1.04467 0.026001 126000 
3 0.02 93.75 0.963406 0.0100004 189000 
Table B.2 Maximum Displacement and Characteristic Time Variation 
with Changing Level of Impulse - Rectangular Plate 
(6 m x 2.1 m) Clamped at the Edges (FEA results) 
S.No. Plate thickness 
(m) 
Initial velocity 
(m/s) 
Maximum 
displacement 
(m) 
T 
(s) 
I 
(kg-m/s) 
1 0.02 31.25 0.117335 0.00385102 63000 
2 0.02 62.5 0.284634 0.00525013 126000 
3 0.02 93.75 0.599281 0.00800014 189000 
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Appendix C. Stress Contours on 6 m x 6 m Simply Supported Square 
Plates 
Figure C.l Von Mises Stress Contours in Simply Supported 6 m x 6 m x 
0.02 m Plate at 0.36005 ms 
Figure C.2 Von Mises Stress Contours in Simply Supported 6 m x 6 m x 
0.03 m Plate at 0.30002 ms 
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Figure C.3 Von Mises Stress Contours in Simply Supported 
6 m x 6 m x 0.04 m Plate at 0.24002ms 
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Appendix D. Stress Contours on 6 m x 6 m Clamped Square Plates 
S, Mises 
SHEG, ( f r a c t i o n • - 1 - 0 ) 
(Ave. G r i t . : 75$) 
• +S.800e+0S 
• +S.334e+08 
+ 4 .869e+08 
• +4 .403e+08 
_ • + 3 .938e+08 
— - + 3 .472e+08 
•+3.006e+08 
•+2.S41e+08 
•+2.075e+08 
•+1.610e+08 
+1.144e+08 
•+6.784e+07 
+2.129e+07 
Figure D.l Von Mises Stress Contours in Clamped 6 m x 6 m x 
0.02 m Plate at 0.11002 ms 
S, Mises 
SNEG, ( f r a c t i o n • - 1 . 0 ) 
(Ave. C r i t . : 75*1 
•+S.800e+08 
•+5.369e+08 
• + 4 .937e+08 
• +4.S0Se+08 
• +4.07Se+08 
• +3.S43e+08 
• +3 .212e+08 
•+2 .781e+08 
•+2 .349e+08 
•+1 .918e+08 
•+1 .487e+08 
+ 1.0SSe+08 
• +6.240e+07 
Figure D.2 Von Mises Stress Contours in Clamped 6 m x 6 m x 
0.03 m Plate at 0.11001 ms 
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Figure D.3 Von Mises Stress Contours in Clamped 6 m x 6 m x 
0.04 m Plate at 0.11001 ms 
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Appendix E. Damped (2%) Dynamic Analyses of 6 m x 2.1 m x 0.02 m 
flat plate 
Figure E.l Center Displacement Time History, Initial Velocity 2m/s 
Figure E.2 Centre Displacement Time History, Initial Velocity 4m/s 
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Figure E.3 Von Mises Stress Time History at Center, Intial Velocity 2m/s 
Figure E.4 - Von Mises Stress Time History at Center; Intial Velocity 4m/s 
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Figure E.5 Accumulated Plastic Energy Dissipation, Initial Velocity 2 m/s 
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Figure E.6 Accumulated Plastic Energy Dissipation, Initial Velocity 4 m/s 
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Appendix F. Damped (2%) Dynamic Analyses of 6 m x 2.1 m x 0.0076 
m Plate 
Figure F.l Centre Displacement Time History; t=0.0076 m. 
V0 =lm/s, 8m/s, 16m/s, 31.25m/s. 
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Figure F.2 Von Mises Stress Time History at Center; t=0.0076 m. 
Vo =lm/s, 8m/s, 16m/s, 31.25m/s. 
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Figure F.3 Accumulated Plastic Energy Dissipation ; t=0.0076 m. 
Vo =lm/s, 8m/s, 16m/s, 31.25m/s. 
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Appendix G. Damped Dynamic Analysis of Different Plate Thicknesses 
for Initial Velocity 1 m/s 
Figure G.l Damped Response of 6 m x 2.1 m x 0.01 m Plate; Initial Velocity = lm/s 
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Figure G.2 Damped Response of 6 m x 2.1 m x 0.02 m Plate; Initial Velocity = lm/s 
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Figure G.3 Damped Response of 6 m x 2.1 m x 0.03 m Plate; Initial Velocity = lra/s 
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Figure G.4 Damped Response of 6 m x 2.1m x 0.04 m Plate; Initial Velocity = lm/s 
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Appendix H. Damped (5%) Dynamic Analysis for 6 m x 2.1 m x 0.02 m 
Plate 
Figure H.l Center Displacement Time History (5% damping); t=0.02m. 
Vo =lm/s, 8m/s, 16m/s, 31.25m/s. 
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Figure H.2 Von Mises Stress at Center (5% damping); t=0.02m. 
Vo =lm/s, 8m/s, 16m/s, 31.25m/s. 
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Figure H.3 Accumulated Plastic Energy Dissipation (5% damping); t=0.02m. 
Vo =lm/s, 8m/s, 16m/s, 31.25m/s. 
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Appendix I. Sandwich Plate Response (5% Damping) 
Figure 1.1 Displacements at Center. Vo =lm/s, 8m/s, 16m/s, 31.25m/s. 
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Figure 1.2 Maximum Von Mises Stress at Center. 
V0 =lm/s, 8m/s, 16m/s, 31.25m/s. 
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Figure 1.3 Accumulated Plastic Energy Dissipation. 
Vo =lm/s, 8m/s, 16m/s, 31.25m/s. 
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